In 2003, Siegman suggested the possibility of singlemode lasing from a gain-guided index-antiguided (GG-IAG) fiber laser [1] . In this type of fiber, the core has a refractive index less than that of the cladding, with the consequence that all modes in the core are lossy. When gain is present in the core, the losses experienced by low-order modes are reduced while higher-order modes continue to experience loss. The modes that have no net loss can be made to lase. In 2006, such lasing was demonstrated for what we believe to be the first time using a fiber with a 100 m diameter core [2, 3] . In this Letter that result is extended to fibers having 200, 300, and 400 m core diameters, and a model is presented enabling selection of the optimum resonator mirrors for single-mode lasing.
In an index-antiguided (IAG) fiber, the difference between the index of refraction of the core and that of the cladding, ⌬n, is a negative number. For the discussion of fiber lasers we will refer to the real and imaginary parts of the complex V parameter [1] as
where a is the core radius, n 0 is the background index of the core and cladding, g is the power gain per unit length in the core, and is the vacuum laser wavelength. For the fibers used in this and the previous studies [2, 3] , ⌬n = −0.0045. As a result, ⌬N is −1256 for the 100 m fiber and larger yet for the larger core diameter fibers. Recently Siegman [4] has shown that in the limit of large −⌬N, i.e., ͉−⌬N ͉ Ͼ 50, the expressions for gain required for lossless propagation of the two lowest-order modes in the core of an IAG fiber, namely, the LP 01 and LP 11 modes, become
where j 01 and j 11 are the first zeros of the J 0 and J 1 Bessel functions, respectively [4] . Equations (1) .
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Here, the notation g gg ij indicates the value of gain that results in lossless propagation of the i , j mode in the core of the fiber. Note that the ratio of the LP 01 and LP 11 gains is always 2.54 and that they depend inversely on the cube of the core radius. These facts determine the conditions for single-mode oscillation when making a GG-IAG fiber laser.
We now consider the steps required to make a lowest-order single-mode laser based on the GG-IAG concept. It is important that no laser oscillations take place before the gain is sufficient to enable lossless propagation of the LP 01 mode of the core. These laser oscillations may be parasitic modes that experience total internal reflection at the cladding-air interface. Thus, one requirement is that the threshold gain for laser oscillation,
The threshold gain for laser oscillation, which is given by
depends on the losses in the resonator, ␣, the resonator mirror reflectivities, R 1 and R 2 , and the gain length in the lasing medium, l g . As a result, if R 2 =1 (a 100% reflector) the inequality in inequality (7) sets an upper limit on R 1 for a given l g . In other words, if the resonator output coupler reflectivity is too high, multimode oscillation of the parasitic modes will take place before the LP 01 mode can become lossless. Achieving a level of gain just equal to g gg 01 as given by Eq. (5) does not mean lasing will take place. The total gain must now be increased so that it is large enough to additionally overcome the losses in the laser resonator. That is, we must add the gain g th osc to g gg 01 . However, to assure that only the LP 01 mode oscillates we require that the total gain be less than that for the LP 11 mode:
In this case, the LP 01 mode oscillates before the LP 11 mode becomes lossless. The LP 01 mode will then saturate the gain dominating over higher-order mode oscillation. Referring to Eq. (8), we see that the inequality in (9) imposes a lower limit on the resonator output coupler reflectivity. If it is too low, the gain that must be produced to achieve laser oscillation will be so high as to allow higher-order modes to oscillate. Thus, the inequalities (7) and (9) set a range of output coupler reflectivities that will permit lowest-order single-mode lasing. The inverse cube dependence on the core radius of the gain required for lossless propagation of the modes in the IAG fiber core from Eq. (5) and the length of the gain medium [through Eq. (8)] will determine the output coupler reflectivities needed for single-mode oscillation for a specific IAG fiber and pump configuration. Since the purpose of this work was to demonstrate lowest-order single-mode lasing in larger diameter core fibers than that reported in [2] , we calculated the ranges of reflectivities that would yield the desired manner of lasing by using Eqs. (5), (6) , and (8) and the inequalities (7) and (9). The results are given in Table 1 , which includes the fiber used in [2] .
The experimental procedure for these tests was very similar to that described in [2, 3] where flashlamp pumping was used to demonstrate GG-IAG fiber lasing. The resonator was composed of a 100% flat reflector and a flat output coupler mirror with a straight IAG fiber in between. The output coupling mirror reflectivity was selected according to the values indicated for the different fibers in Table 1 . We used a Xe-filled flash lamp having an 8.5 cm long discharge and producing pulses of ϳ350 sec duration at 1 Hz to pump that length of the ϳ13 cm long fibers. The 100 m diameter core fiber was doped with 10% Nd 3+ , while the others were at a 1% dopant level. All fiber cores were made from LP100 phosphate glass from Kigre, Inc., and lasing took place at 1052 nm. This glass has the added feature of having a negative change in index of refraction with increasing temperature and assured us that the fiber core could not become index guiding. The large diameter fiber ends were hand polished and uncoated.
The GG-IAG fiber laser had to be properly aligned so that the lowest-order mode only could oscillate. When the mirrors were roughly aligned and the input energy was high, the output pattern appeared as shown in Fig. 1(a) . Such a pattern represents the parasitic modes, which can oscillate when lossless gain guided modes cannot. While observing lasing as in Fig. 1(a) , the input energy was reduced while tuning the resonator mirrors until a single circular spot in the output was observed. When such an output pattern was achieved at the lowest input for which lasing was observed, it was possible to then increase the input to several times this threshold and observe the laser to remain in the lowest order, single mode as shown in Fig. 1(b) for a 200 m core fiber. We measured the beam quality for the 100-400 m core diameter fibers using the standard means to measure M 2 , the beam quality factor [5] . M 2 for the 100 m core fiber was 1.5± 10% and for the 200 m core fiber it was 1.2± 10%. These results, summarized in Table 1 for the 300 and 400 m diameter core fibers were between 1.2 and 1.8. For these fibers the output was observed to be unstable, possibly due to thermal distortion of the fiber when pumped, and so the measurement of M 2 was less accurate than for the smaller fibers. All of the images in Fig. 1 were obtained with the CCD camera located at 113 mm from the output coupler. When fit to a Gaussian distribution the full width at 1 / e 2 of the intensity patterns ͑2w 0 ͒ in Figs. 1(b)-1(d) are, respectively, 1.26, 0.81, and 0.55 mm, each with an experimental error of ±5%. The smaller spot sizes for the larger fiber core diameters indicate the expected smaller divergence of the light.
We developed a model for selecting resonator properties that allow for lowest-order single-mode lasing of a GG-IAG fiber laser and demonstrated its utility in enabling this type of lasing from fibers with cores from 100 to 400 m in diameter. In a related paper this approach is used to enable lowest-order singlemode oscillation from a 200 m diameter core IAG fiber using end pumping with a diode laser pump source [6] . Experiments using laser diodes to side pump IAG fibers are in progress.
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